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The electrical injection of spin polarized electrons in a
semiconductor can be achieved in principle by driving a cur-
rent from a ferromagnetic metal, where current is known
to be significantly spin polarized, into the semiconductor
via ohmic conduction. For detection a second ferromag-
net can be used as drain. We studied submicron lateral
spin valve junctions, based on high mobility InAs/AlSb two-
dimensional electron gas (2DEG), with Ni, Co and Permal-
loy as ferromagnetic electrodes. In the standard geometry
it is very difficult to separate true spin injection from other
effects, including local Hall effect, anomalous magnetoresis-
tance (AMR) contribution from the ferromagnetic electrodes
and weak localization/anti-localization corrections, which can
closely mimic the signal expected from spin valve effect. The
reduction in size, and the use of a multiterminal non-local
geometry allowed us to reduce the unwanted effects to a min-
imum. Despite all our efforts, we have not been able to ob-
serve spin injection. However, we find that this ’negative’
result in these systems is actually consistent with theoretical
predictions for spin transport in diffusive systems.
The idea to use the spin of the electron in electronic
devices has gained a lot of momentum lately, leading to
the appearance of the field of ’spintronics’1. It is en-
visioned that spin sensitive electronics would open new
perspectives to semiconductor device technology. The
potential to inject and control the electronic spin in a
semiconducting material is also of great interest for the
field of quantum computation2. The first active device
was suggested a decade ago by Datta and Das3, who pro-
posed an electronic device analogous to the electro-optic
modulator. The essential requirements for such a device
is the efficiency of injection of the spin polarized carriers
into the semiconductor and the long spin relaxation time.
The latter requirement was shown to be met in time re-
solved optical experiments at low temperatures, where
lifetimes as long as 1µs for spin in GaAs were observed4.
Regarding the issue of spin injection, different approaches
were taken. Optical injection and detection of spin po-
larized carriers in semiconductors have been shown in a
experiment by J. Kikkawa and D.D. Awschalom5. Spin
injection from a ferromagnetic STM tip into GaAs has
also been demonstrated6. The electrical injection from
a fully polarized magnetic semiconductor, used as spin
aligner, into a semiconductor and optical detection was
also shown7.
From a device point of view, a major breakthrough
would be to have all electronic device, preferably operat-
ing at room temperature. Therefore large efforts have
been dedicated to observe the spin valve effect, with
semiconductors as the ’intermediate’ layer8. Recently
Hammar et.al.9 have claimed the observation of electrical
spin injection in a 2DEG, by making use of the Rashba
spin orbit interaction in the semiconductor heterostruc-
ture as the detection mechanism. However, this work
has been commented upon and it was suggested that in
such a system the detection is not possible within lin-
ear transport10, and the observed behavior is probably
related to a local Hall effect11. Gardelis et.al.12 claim
to have observed spin valve effects in a semiconductor
field effect transistor with Py source and drain. A finite
spin polarization of the semiconductor itself was required
in order to interpret the experimental observations as
spin valve effect. Another interesting approach has been
taken by Meier et.al.13, who tried to observe spin injec-
tion by modulating the spin orbit interaction via an ex-
ternal gate. Hu et.al.14, by measuring in a multi-injector
HEMT geometry with ferromagnetic electrodes, observed
a gate and electrode spacing difference in the magnetore-
sistive behavior, which they attributed to spin injection.
However, the fact that the standard lateral spin valve ge-
ometry leads to important local Hall phenomena has al-
ready been pointed out15. Due to the dependence on the
local magnetization of the contacts, these spurious phe-
nomena will often closely resemble the signals expected
from spin transport. In our opinion, none of the previ-
ously mentioned experiments give an unambiguous proof
of spin dependent transport.
In our experiments, we considered the multi-terminal
lateral spin valve geometry, as depicted in fig. 1b. Two
types of measurements are possible. In the first one,
called the ’classic’ spin valve geometry, the current is in-
jected and taken out from the ferromagnetic electrodes.
The voltage is measured between the same electrodes,
giving a standard four terminal measurement of the junc-
tion. A second geometry, which we refer to as the non-
local geometry, corresponds to injecting current from the
semiconducting channel into the first ferromagnetic elec-
trode and measure the voltage between the second ferro-
magnetic electrode and the semiconducting channel (see
1
fig. 1). Due to current polarization in the injecting fer-
romagnet, at the interface a spin accumulation will form,
which will extend over a characteristic spatial length-
scale given by the spin flip length. If a second ferro-
magnet is present in the vicinity of this interface, it can
be used as a spin sensitive voltage probe to detect this
spin accumulation. This is similar to the Johnson’s po-
tentiometric method16, used for detecting spin accumu-
lation in Au. However, the essential advantage of a true
lateral geometry resides in the fact that no electrical cur-
rent is flowing between the injector and the detector elec-
trodes. Therefore this geometry allows to suppress any
’spin independent’ magnetoresistive contribution, i.e. the
weak localization/anti-localization change in conductiv-
ity of the semiconductor, and a possible magnetoresis-
tance contribution of the interface resistance.
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FIG. 1. a) SEM micrograph of a sample. The 1µm wide
2DEG channel is horizontal, and two ferromagnetic electrodes
are vertical. b) Sketch of the two measurement configurations.
The indices ’SV’ and ’NL’ refer to the classic spin-valve and,
respectively, to the non-local geometry. In the latter there is
no current flow between injector and detector.
The experiments were performed on devices made from
high mobility InAs/AlSb heterostructures, MBE grown
on an GaAs substrate. Fig.1a shows a SEM image of
the FM/2DEG/FM junctions. Prior to processing, the
top barrier layer was removed by wet chemical etching
with Microposit MF321 photoresist developer. The ex-
posed 15nm thick InAs layer hosts a 2DEG with an
electron density ns = 1.5 · 10
16m−2 and a mobility of
µ = 1.5V/m2s. In the first step 40nm thick Ti/Au
metallization contacts were deposited by means of op-
tical lithography and e-beam evaporation. An approx.
1µm wide 2DEG channel was defined by optical lithog-
raphy and selective wet chemical etching, with a succinic
acid based solution. The use of wet etching techniques
kept the mesa at the smallest height possible, only 15nm.
Consequently, this allowed to reduce the spurious contri-
bution due to local Hall effects at the mesa edges to a
minimum. In the last step the ferromagnetic electrodes
were defined by means of electron beam lithography. In
order to ensure different coercive fields the two electrodes
had different widths, 150 and 300nm in case of Py and
Co samples, and 150 and 450nm for the Ni samples. On
all samples the electrode lengths were 8 and respectively
12µm, the spacing was 300nm, and the thickness of the
ferromagnetic layer was 60nm. Co and Py were deposited
by sputtering, and Ni by e-beam evaporation. Prior to
deposition, the InAs surface was cleaned by means of a
low voltage Ar plasma etching. This was done in order to
remove the native InAs oxide and to ensure good ohmic
contact between the semiconductor and the ferromagnet.
The cleaning procedure is known to affect the InAs layer
by enhancing the electron density and reducing mobil-
ity. A a consequence, a diffusive three dimensional InAs
region is formed underneath the ferromagnetic contacts.
The square resistances were in the order of 2−4Ω for the
ferromagnets and 300Ω for the 2DEG channel. The mea-
sured interface resistance were around 350Ω and 750Ω for
the wide and, respectively, the narrow electrode. Based
on 2DEG material parameters, by evaluating the number
of modes in our channel, we calculated an average ferro-
magnet/InAs interface transmission in the order of 30%.
For comparison, samples where the native InAs surface
was left intact were also made. In this case the contact
resistance varied between 10 and 100KΩ.
Measurements were performed by standard ac-lock-in
techniques, both at room temperature and at 4.2K. The
switching behavior of the electrodes was characterized
by four terminal anomalous magnetoresistance (AMR)
measurements of the ferromagnetic electrodes. In most
devices, in contrast to the room temperature behavior,
where a clear difference in the coercive fields of the two
electrodes could be established, the exact coercive fields
at helium temperature could not be inferred. At 4.2K
the AMR curves in parallel magnetic field showed only
a smooth behavior,the switching events being not vis-
ible. However, in some of the devices clear switching
of the magnetization direction of each electrode could
be observed. Fig 2 shows one representative plot of a
Py/2DEG/Py device where the presence of different co-
ercive field for the two electrodes could be established.
No resistance modulation is observed when the two fer-
romagnets switch from a parallel to an anti-parallel con-
figuration. We carefully characterized over 20 devices
with different ferromagnetic materials, out of which at
least three showed switching events in the 4.2K AMR
curves, but no signal which could be attributed to spin
injection was observed.
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FIG. 2. Spin valve measurements for a Py/2DEG/Py de-
vice. Top two curves give the AMR traces for the two ferro-
magnetic electrodes, showing different coercive fields in one
sweep direction.No spin signal is observed in any of the geome-
tries. The dashed lines correspond to a sweep of the magnetic
field towards positive fields.
The outstanding question is to which extent can we
understand these results. Assuming weak spin scatter-
ing, the transport can be described in terms of two in-
dependent spin channels. This corresponds to an ap-
proach based on the standard Fert-Valet model for de-
scribing spin transport17. The theoretical implications
for a two terminal geometry without spin flip processes
in the semiconductor have already been worked out by
Schmidt et.al.18. Here we extend the analysis to the mul-
titerminal geometry sketched in fig. 1, and we also allow
for a finite spin flip length in the semiconductor. The
ferromagnets and the semiconductor are treated as dif-
fusive 1D channels. Therefore the transport properties
of each channel are fully determined by the bulk conduc-
tivities (σF and, respectively, σN ), the spin flip lengths
(λF and λN ), and, for the ferromagnet, the bulk spin
polarization of the current ( αF =
σ↑−σ↓
σ↑+σ↓
). If a cur-
rent is driven through such a non-homogeneous system,
the electrochemical potential for spin up and spin down
electrons (µ↑ and µ↓) can be non-equal. This difference,
due to different conductivities in the two spin channels,
will decay differently in a ferromagnet than in a normal
region, leading to a measurable voltage.
The spin transport, within the relaxation time approx-
imation, is described by the diffusion equation
D
∂2(µ↑ − µ↓)
∂2x
=
(µ↑ − µ↓)
τsf
(1)
where, τsf is the spin-flip scattering time, and
D is the spin averaged diffusion constant (D =
(N↑ +N↓)(N↑/D↑+N↓/D↓)
−1, with N(EF ) the density
of states at the Fermi level). The currents are related to
electrochemical potentials via Ohm’s law
j↑,↓ = −(
σ↑,↓
e
)
∂µ↑,↓
∂x
(2)
The charge and spin conservation at each interface has
also to be taken into consideration. We assume trans-
parent interfaces, thus we also require the equality of the
chemical potential on both sides of the interface.
By adding the appropriate boundary conditions at in-
finity, so that far away from the interface one recovers the
bulk transport properties, the previous system of equa-
tions can be solved analytically for the two geometries
depicted in fig. 1a.
The resistance change between the parallel and the
anti-parallel configuration of the magnetizations of the
two electrodes in the ’classic’ spin valve geometry is given
by
∆RSV = 2Rsq
λN
w
αF
2
(M2 + 1)sinh(L/λN) + 2Mcosh(L/λN)
(3)
with
M = 1 + σF
σN
λN
λF
(1 − αF
2)
Rsq is the square resistance of the semiconductor, L is
the spacing between the two ferromagnets, and w is the
width of the channel. In the non-local configuration the
signal is reduced by a factor of two ∆RNL =
1
2
∆RSV
In the limit λN− > +∞ one recovers a result similar
to the one predicted by Schmidt et.al. for the standard
geometry18
∆RNL ≈ Rsq
λF
2
w · L
(
σF
σN
)2
αF
2
1− αF 2
(4)
The relevant range of parameters for ferromag-
net/2DEG/ferromagnet junctions is σF >> σN and
λN >> λF , meaning that, for a spin polarization of the
ferromagnet smaller than 100%, the conductivity mis-
match correction factor M is large, M >> 1 . Then the
expected signal can be expressed as
∆RNL = Rsq
λN
w
1
sinh(L/λN)
(αF /M)
2 (5)
3
i.e. the injection efficiency is reduced from αF to αF /M .
This shows spin valve signal is reduced due to the con-
ductivity mismatch between the semiconductor and the
ferromagnet. Moreover, the spin injection efficiency is
very sensitive to the spin flip length in the ferromagnetic
material. If this length is small, the expected spin signal
is also reduced.
Based on GMR experiments19, a spin flip length be-
tween 8 and 40nm and a bulk current spin polarization
around 35% is expected for Py. Assuming for the 2DEG a
spin flip-length an order of magnitude of 1µm, we obtain
the reduction in spin injection efficiency, M = 90. This
corresponds to an absolute signal of 0.2mΩ, or in the or-
der of magnitude of 10−6 of the square resistance. The
best signal resolution we could obtained was only 5mΩ,
so the expected spin signal was well below the sensitivity
threshold.
The direct conclusion to be extracted from the mod-
eling, also pointed out by Schmidt et.al.18, is that the
conductivity mismatch blocks spin injection. This result
is stemming from the fact that the lowest conductance
in the problem, the conductance of the semiconductor, is
spin independent. One possible solution is to make use of
magnetic semiconductors, with low conductivity or very
high spin polarization, as in the experiments of Fielder-
ling et.al. and Ohno et.al.7. A second choice would be
to use tunnel barriers as the injecting mechanism, where
the spin polarization of the tunneling current depends
directly on the products of the densities of states in the
two materials.
One more aspect should also be considered: what is
the actual reliability of the model. Recently we were
able to observe spin valve effects in a similar geome-
try with Cu replacing the semiconductor as the normal
channel20. Using the values obtained in GMR experi-
ments for the spin flip lengths and spin polarization in the
ferromagnet19, the order of magnitude of the observed ef-
fect was in quantitative agreement to the theoretical pre-
dictions. Obviously, the main difference in the all metal
devices was the absence of conductivity mismatch be-
tween the two materials. A potential limitation in the
semiconductor case is the fact that the 2DEG channel is
quasi-ballistic. Nevertheless, the presence of the diffusive
regions underneath the ferromagnetic contacts should al-
low us to use a diffusive model to describe spin injection.
Moreover, the conductivity mismatch arguments should
also be valid for a purely ballistic channel. In that case,
the expected signal should be given by an analogous of
eq. 5, with the diffusive 1D conductivity of the semi-
conductor being replaced by the inverse of the Sharvin
resistance, due to presence of only a few model in the
2DEG channel. Thus the conductivity mismatch argu-
ments should be valid in any device with where the inter-
mediate region has the lowest conductivity, for example
in the case of carbon nanotubes21.
In conclusion, submicron lateral spin valve structures
in high mobility InAs/AlSb heterostructures have been
fabricated, with Ni Co and Py as ferromagnetic elec-
trodes. Despite all efforts to improve signal resolution
and eliminate spurious effects, no spin injection was ob-
served. By no means this ’negative’ outcome of our ex-
periments can be considered as a proof that spin injection
in a semiconductor is not possible with usual metallic
ferromagnets. However, the agreement with theoretical
predictions casts some doubt on the feasibility of straight-
forward spin injection from a metallic ferromagnet into
a semiconductor.
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